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Abstract 

We report the observation of intense extreme uJtraviolet (EUV) emission from incandesc^y hSed atomic hydrogen and 
atomized strontixim. It has been reported that intense EUV emission was observed bX^^^^^Stcs (e.g. « lO' K) from 
atomic hydrogen and certain atomized elements or certain gaseous ions which io^^^gg^r multiples of Ae potential 
energy of atomic hydrogen, 27.2 eV [1-5]. Strontium ionizes at integer multiplesg^t^^toS^^ energy of atomic hydrogen. 
Typically the emission of extreme ultraviolet light from hydrogen gas is achie^^J^ di^arge at high voltage, a high-power 
inductively coupled plasma, or a plasma created and heated to extreme temp^^es by RF coupling (e.g. > 10 K) with 
confinement provided by a toroidal magnetic field. The observed plagj^oimed^ low temperatures (e.g. ?« lO' K) from 
atomic hydrogen generated at a tungsten filament that heated a titani\jg^is^iator and atomic strontium which was vaporized 
from the metal by heating. No emission was observed when ^§n^^i^esium, or barium replaced strontium or with 
hydrogen or strontium alone. The power balance of a gas c^^^^g^jShized hydrogen and strontium was measured by 
integratmg the total light output corrected for spectrometet^sl^^^hse and energy over the visible range. A control cell 
was identical except that sodium replaced strontium. In^^^^se^^^ times the power of the strontium cell was required in 
order to achieve that same optically measured ligh^^ut^^er. A plasma formed at a cell voltage of about 250 V in the 
cell with hydrogen alone and in the cell with hyd^^and sSSium; whereas, a plasma formed in the strontium cell at the 
extremely low voltage of about 2 V. © 2000^^lionaAssociation for Hydrogen Energy. Published by Elsevier Science 
Ltd. All rights reserved. 
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determined the cross section for the production of excited 
hydrogen atoms from the emission cross sections for Lyman 
and Balmer lines when molecular hydrogen is dissociated 
into excited atoms by electron collisicms. These data were 
used to develop a collisional-radiative model to be used 
in determining the ratio of molecular-to-atomic hydrogen 
densities in tokomak plasmas. Their results indicate an ex- 
citation threshold of 1 7 eV for Lyman a emission. Addition 
of other gases would be expected to decrease the intensity 
of hydrogen lines which could be absorbed by the gas. 
Hollander and Wertheimer [10] found that within a selected 
range of parameters of a plasma created in a microwave 
resonator cavity, a hydrogen-oxygen plasma displays an 
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emission that resembles the absorption of molecular oxy- 
gen. Whereas, a heliun>-hydrogen plasma emits a very 
intense hydrogen Lyman a radiation at 121.5 nm which is 
up to 40 times more intense than other lines in the spectrum. 
The Lyman a emission intensity showed a significant 
deviation from that predicted by the model of Fujimoto 
et al. [9] and from the emission of hydrogen alone. 

We report that a hydrogen plasma is formed at low tem- 
peratures (e.g. ^ 10^ K) by reaction of atomic hydrogen 
with strontium atoms, but not with magnesium, barium, or 
sodium atoms. In the case of EUV measurements, atomic hy- 
drogen was generated by dissociation at a tungsten filament 
and at a transition metal dissociator that was incandescently 
heated by the filament. Strontium atoms were vaporized by 
heatmg to form a low vapor pressure (e.g. 1 toir). The ki- 
netic energy of the thermal electrons at the experimental 
temperature of 10^ K were about 0.1 eV, and the average 
collisional energies of electrons accelerated by the field of 
the filament were less than 1 eV. (No blackbody emission 
was recorded for wavelengths shorter than 400 nm.) Stron- 
tium atoms ionize at integer multiples of the potential energy 
of atomic hydrogen and caused hydrogen EUV emission; 
whereas, the chemically similar atoms, magnesium and bar- 
ium as well as sodium, caused no emission. Helium ions 
present in the experiment of Hollander and Wertheimer [10] 
ionize at a multiple of two times the potential energy of 
atomic hydrogen. The mechanism of EUV emission cannot 
be explained by the conventional chemistry of hydrogen, 
but it is predicted by a solution of the Schrodinger equa- 
tion with a nonradiative boundary constraint put forward by 
Mills [11]. 

Mills predicts that certain atoms or ions serve as catalysts 
to release energy from hydrogen to produce an increased 
binding energy hydrogen atom called a hydrino atom having 
a binding energy of 

13.6 eV 
Bmdmg energy = - 
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d^energy states of atomic hydrogen are also 
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The n = 1 state is the "ground" state for "pure" photon 
transitions (the « = 1 state can absorb a photon and go to an 
excited electronic state, but it cannot release a photon and 
go to a lower-energy electronic state). However, an electron 
transition from the ground state to a lower-energy state 
is possible by a nonradiative energy transfer such as 
multipole coupling or a resonant collision mechanism. 
These lower-energy states have fractional quantum num- 
bers, n — 1 /integer. Processes that occur without photons 
and that require collisions are common. For example, 
the exothermic chemical reaction of H + H to form H2 
does not occur with the emission of a photon. Rather, 
the reaction requires a collision with a third body, M, 
to remove the bond energy-H -f-H-l-M — ^ H2-I-M* 
[12]. The third body distributes the energy from the exo- 
thermic reaction, and the end result is the H2 molecule 
and an increase in the temperature of the system. Some 
commercial phosphors are based on no^diative energy 
transfer involvmg multipole couplinggo^xample, the 
strong absorption strength of Sb_^ 
efficient nonradiative transfer ofi 
Mn^**^, are responsible for the sf 
cence from phosphors con^ 
the n = 1 state of hydro 
of hydrogen are nog 
nonradiative stati 
transfer, say 
the electr* 
transfer reao 
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om Sb^+ to 
ganese linnines- 
is [13]. Similarly, 
;he n = 1 /integer states 
transition between two 
a nonradiative energy 
fese cases, during the transition 
other electron transition, electron 
inelastic scattering reaction which can 
lount of energy that must be removed 
drogen atom. Thus, a catalyst provides a net 
alpy of reaction of m x 27.2 eV (i.e. it absorbs 
where m is an integer). Certain atoms or ions 
catalysts which resonantly accept energy from 
gen atoms and release the energy to the surroundings 
to effect electronic transitions to fractional quantum energy 
levels. 

The catalysis of hydrogen involves the nonradiative trans- 
fer of energy from atomic hydrogen to a catalyst which may 
then release the transferred energy by radiative and non- 
radiative mechanisms. As a consequence of the nonradia- 
tive energy transfer, the hydrogen atom becomes unstable 
and emits further energy until it achieves a lower-energy 
nonradiative state having a principal energy level given by 
Eqs. (l)and (2). 

J.J. Inorganic catalysis 

A catalytic system is provided by the ionization of / elec- 
trons from an atom to a continuum energy level such that 
the sum of the ionization energies of the t electrons is ap- 
proximately m X 27.2 eV where m is an integer. One such 
catalytic system involves strontium. The first through the 
fifUi ionization energies of strontiimi are 5.69484, 1 1 .03013, 
42.89, 57, and 71.6 eV, respectively [14J. The ionization 
reaction of Sr to Sr^"^, (/ = 5), then, has a net enthalpy of 
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reaction of 1 88.2 eV, which is equivalent to m =7 in Eq. (3). 



188.2 eV + Sr(m) + H 



^ Sr^ + 5e' 



+H 



+ [(P + 7)'-p']x 13.6eV, (5) 



Sr^**" + 5e" Sr(m) + 188.2 eV. 
The overall reaction is 



(6) 



H 



H 



OH 



+ [(P + 7)^-P^]x 13.6 eV. 



(7) 



The energy released during catalysis may undergo inter- 
nal conversion and ionize or excite molecular and atomic 
hydrogen resulting in hydrogen emission which includes 
well-characterized ultraviolet lines such as the Lyman se- 
ries. Lyman a emission was sought by EUV spectroscopy. 
Due to the extremely short wavelength of this radiation, 
"transparent" optics do not exist. Therefore, a windowless 
anangement was used wherein the source was connected 
to the same vacuum vessel as the grating and detectors 
of the EUV spectrometer. Windowless EUV spectroscopy 
was performed with an extreme ultraviolet spectrometer that 
was mated with the cell. Differential pumping permitted a 
high pressure in the cell as compared to that in the spectro- 
meter. This was achieved by pumping on the cell outlet and 
pumping on the grating side of the collimator that served 
as a pin-hole inlet to the optics. The cell was operated 
der hydrogen flow conditions while maintaining a 
hydrogen pressure in the cell with a mass flow coi 

The energy released during catalysis may also 
temal conversion and ionize or excite moleculi 
hydrogen and the catalysts resulting in visr 
cylindrical nickel mesh hydrogen dissocial 
also served as an electrode to produce 
radial electric field between the di; 
the cylindrical stainless steel 
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2. Experimental 

2.7. EIJV spectroscopy 

The experimental set up shown in Fig. 1 comprised a 
quartz cell which was 500 mm in length and 50 mm in 
diameter. A sample reservoir that was heated independently 
using an external heater powered by a constant jwwer supply 
was on one end of the quartz cell. Three ports for gas inlet, 
outlet, and photon detection were on the other end of the 
cell. A tungsten filament (0.5 mm, total resistance ^ 2.5 fi) 
and a titanium cylindrical screen (300 mm long and 40 mm 
in diameter) that performed as a hydrogen dissociatw were 
inside the quartz cell. A new dissociator was used for each 
experiment. The filament was 0.508 millimeters in diameter 
and 800 cm in length. The filament was coiled on a grooved 
ceramic support to maintain its shape when heated. The re- 
turn lead ran through the middle of the^^ramic support. 
The titanium screen was electrically flo a^ .^^e power was 
applied to the filament by a Sore ngesui^ K power supply 
which was controlled by a coi 
temperature of the tungsten fij; 
the range of 11 00 to ISOO'' 
ature was about 700* C. 
the cell was maintai: 
flow rate of 5.5 s< 
20 seem 
readout, 
lation packaj 
eral 








troller. The 
Istimated to be in 
cell wall tempcr- 
►gen gas pressure inside 
mtorr with a hydrogen 
yaMKSn79A21CSlBB 
iw C^troller with a MKS type 246 
qu^e cell was enclosed inside an insu- 
prised of Zircar AL-30 insulation. Sev- 
ouples were placed in the insulation to 
key temperatures of the cell and insulation. The 
were read with a multichannel computer data 
system. 

present study, the light emission phenomena was 
for hydrogen, argon, neon, and helium alone; hydro- 
goi with strontium, magnesium, barium, and sodium metals, 
and strontiimi alone. The pure elements of magnesium, bar- 
iimi, and strontium were placed in the reservoir and volatized 
by the external heater. Magnesium with a low vapor pres- 
sure (higher melting point) was volatilized by suspending a 
foil of the material (2 cm x 2 cm x 0.1 cm thick) between 
the filament and a titanium dissociator and heating the test 
material with the filament. The power applied to the filament 
was 300 W in the case of strontium and up to 600 W in the 
case of magnesium, barium, and sodium metals. The volt- 
age across the filament was about 55 V and the cinrent was 
about 5.5 A at 300 W. For the controls, magnesium, barium, 
and sodium metals, the cell was increased in temperature to 
the maximum permissible with the power supply. 

The light emission was introduced to an EUV spec- 
trometer for spectral measurement. The spectrometer 
was a McPherson 0.2 m monochromator (Model 302, 
Seya-Namioka type) equipped with a 1200 lines/mm 
holographic grating. The wavelength region covered by 
the monochromator was 30-560 nm. A channel electron 
multiplier (CEM) was used to detect the EUV light. The 
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Fig. 1. The experimental set up comprising a gas cell light source and an EUV spectrometer which was differentw^y pumped. 
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Fig. 2. Cylindrical stainless-steel gas cell 



with hydrogen 
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(Model 
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le vacuum 
low 5 X 10"^ 
(40-160 nm) of 
ent was recorded at 
yman a emission, 
nm) of the cell emission 
recorded with a photomultiplier 
salicylate scintillator. The PMT 
lamatsu) used has a spectral response 
680 nm with a peak efficiency at about 
interval was 0.4 nm. The inlet and outlet 
-500 pm. 

TviS emission from the gas cell was channeled 
into the UV/VIS spectrometer using a 4 m long, five stand 



with hydrogen alone, or with hydrogen with strontium or sodhim. 

fiber optic cable (Edmund Scientific Model #E2549) hav- 
ing a core diameter of 1958 \mi aikl a maximum attenuation 
of 0.19 dB/m. The fiber optic cable was placed on the out- 
side surface of the top of the Pyrex cap of the gas cell. The 
fiber was oriented to maximize the collection of light emit- 
ted from inside the cell. The room was made dark. The other 
end of the fiber optic cable was fixed in an aperture man- 
ifold that attached to the entrance aperture of the UV/VIS 
spectrometer. 

2.2. Power ceil apparatus and procedure 

Plasma studies with hydrogen alone or hydrogen with 
strontium or sodium were carried out in the cylindrical 
stainless-steel gas cell shown in Fig. 2. The experimental 
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Fig. 3. The experimental setup for generating a glow discharge 
hydrogen plasma and for optically meas:uring the power balance. 



setup for generating a glow discharge hydrogen plasma 
and for optically measuring the power balance is shown in 
Fig. 3. The cell was heated in a 10 kW refractory brick kiln 
(L & L Kiln Model JD230) as shown in Fig. 3. The kiln had 
three heating zones and a heated floor that were each heated 
by separate radiant elements. The zone temperatures were 
independently controlled by a Dynatrol controller using 
the temperatures read by 3 type-K thermocouples located 
adjacent to the kiln inner wall. The cell was evacuated and 
pressurized with hydrogen through a single 0.95 cm fa 
through. The discharge was started and maintained 
alternating current electric field in the 1.75 cm annulj 
between an axial electrode and the cell wall. The c; 
cell was 9.2 1 cm in diameter and 1 4.5 cm in hei; 
electrode was a 5.08 cm OD by 7.2 cm lonj 
tube wound with several layers of nickel^ 
all diameter of the axial electrode 
1.6 nun thick UV-grade sapphire 
view diametCT provided a visibj 
cell. The viewing direction 
1.27 cm diameter stainles^e^ 
furnace wall and conm 
cell wall at mid 
from the sapphi; 
mm quartz rod 
through the 







►ver- 
cm. A 
.5 cm 
from inside the 
cell axis. A 
lassed through the 
!W port welded to the 
ide an optical light path 
le furnace exterior. An 8 
the light from the view port 
tube to a collimating lens which 
pO^ \im optical fiber located outside the 
Sta were recorded with a visible spec- 
Optics S2000) and stored by a personal 

voltage was controlled by a variable voltage 
transformer operating from 115 VAC, 60 Hz. A step-up 



transformer was used when necessary. True rms voltage 
at the axial electrode was monitored by a digital multime- 
ter (Fluke 8010 A or Tenma 726202). A second multime- 
ter (Extech 380763) in series with the discharge gap was 
used to indicate the current The cell temperature was mea- 
siired by a thermocouple probe located in the cell interior 
approximately 2 cm f^om the discharge gap. The pressure 
in the hydrogen supply tube outside the furnace was moni- 
tored by 10 and 1000 torr MKS Baratron absolute pressure 
gauges. In the absence of hydrogen flow, the hydrogen sup- 
ply tube pressure was essentially the cell hydrogen partial 
pressure. 

Strontium (Aldrich Chemical Company 99.9%) or 
sodium (Aldrich Chemical Company 99.95%) metals were 
loaded into the cell under a dry argon atmosphere. The cell 
was evacuated with a turbo vacuum pump to a pressure 
of 4 mtorr during most of the heating process. During the 
beat-up the cell was periodically pressuri^^ with hydrogen 
(99-999% purity) to approximately 
quently evacuated to purge gaseoi 
system. When the cell temperal 
added xmtil the steady presswe 
The field voltage was 

the 







and subse- 
lants fnnn the 
lydrogen was 
ximately 1 torr. 
akdown occurred 
ometer response to 
The hydrogen pressure 
ible to maximize the light 
jtage was maintained at the 
lulted in a stable discharge during 




which was confirmed 
visible light emitte^ 
was adjusted as 
emission firon 
minimum 1^ 
data acquisit*? 

Glc^discha^^ were formed in pure control gases to de- 
tece^le^^ behavior as function of temperature and prcs- 
t N2, and H2 gases, the starting voltage to form 
arge, the voltage to maintain the discharge, and 
It" emitted were studied as a function of pressure at 
662* C. The discharged was formed in the cylindrical 
stTinless-steel gas cell used for plasma studies with hydrogen 
alone, or v^rith hydrogen with strontium or sodium as shown 
in Fig. 2. The experimental setup was identical to that used 
for generating a glow discharge hydrogen plasma and for 
optically measuring the power balance as shown in Fig. 3. 
The methods for forming a glow discharge and the proce- 
dure for measuring the voltage and cxnrent were as given 
previotisly. The presence or absence of light emission was 
observed visually. 

After thorough evacuation, the cell was filled to 
the desired pressure with test gas. The electrode volt- 
age was gradually increased until a rush of current (at 
least 3 mA) was observed in the circuit. The greatest 
voltage for which no current flowed was recorded as 
the starting voltage V^. Once a discharge was present, 
the electrode voltage was slowly decreased until the 
current abruptly fell to zero. The lowest voltage for 
which current persisted was recorded as the mam- 
tenance voltage. Light emission from the discharge, 
if present, was noted. The results are given in the 
appendix. 
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Table J 



Reference source calibration data for Ocean Optics S2000 Spectrometer 
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Ox, 


X 




(Dm) 


(pW/cm^ nm) 


(nm) 


(nW/cm^ nm) 


(nm) 


(nW/cm^ nm) 


300 


0.0036 


400 


0.0194 


650 


0.502 


310 


0.0023 


420 


0.031 


700 


0-697 


320 


0.0020 


440 


0-046 


750 


0.969 


330 


0.0021 


460 


0.065 


800 


1.344 


340 


0.0028 


480 


0.090 


850 


1.914 


350 


0.0039 


500 


0.118 


900 


2.742 


360 


0.0057 


525 


0.162 


950 


3.798 


370 


0.0082 


550 


0.214 


1000 


4.973 


380 


0.0113 


575 


0J74 


1050 


6.110 


390 


0.0148 


600 


0.342 







2.5. Spectrometer caUbraiion for optical power balance 
measurement 

Only a small portion of the light emission from the source 
was incident upon the spectrometer CCD detector since 
irradiation of the detector was dependent upon optical losses 
between the source and detector. The light of a small solid 
angle ( I ) passed through the sapphire window, (2) entered 
the quartz rod, (3) was channeled from the view port through 
the stainless-steel tube to the collimating lens, (4) was fo- 
cused on the 100 \im optical fiber, (5) was carried on the 
optical fiber, (6) entered the spectrometer, and (7) ulti- 
mately was incident on the CCD detector. Attenuation oc- 
curred at each interface and along each optical element. 
To standardize these factors for the emission of strontitmi 
vapor with hydrogen, the control experiments of hydro^ 
gen alone and sodium vapor with hydrogen were run 
der identical conditions. Thus, these experiments 
standard light sources. However, the spectra of ea< 
iment was unique. The spectrometer system C( 
100 \mi optical fiber and the visible spectiw&ti 
Optics S2000). To correct for the nonuni: 
the spectrometer system as a functioi 
the dependence of energy on wave: 
calibrated against a reference 
During the recording of ei 
integration time was adj 
as recommended by tho^ari' 
recorded intensity vei 
was independent^^^e 
were comparablB^ince 
spectrometer* 
The Si 

are] 



of 
and 

'stem was 






le spectrometer 
ize its sensitivity 
(Ocean Optics). The 
gth was a rate; thus, it 
on time. And, all spectra 
ey were acquired such that the 
ig in a linear response range, 
idlation of the spectrometer system Gx 
avelength) was the rate at which en- 



length interval X — X-\-6X was incident on 
ic entrance of the spectrometer system jxr unit 
unit wavelength interval d^. The conespond- 
ing spectrometer response or count rate Sx (counts/s) was 



I ■ ■ ' I ' ■ ' I ' ' ' ' ' 
Court rate 

- Detector irradiation: cal. data 





Fig. 4. The plot of the reference source count rate Sjtj and the 
calibration data Gjtr- 



proportional to spectrometer system irradiation, 
Sx ~ bxGx' 



(8) 



The spectral dependence of the proportionality factor bx 
arises from spectral bias of the spectrometer system. The 
radiant flux input to the spectrometer system was obtained 
by calibration with a reference light source (Ocean Optics 
LS-l-CAL) for which the radiant flux was known. The dis- 
tribution of the spectrometer system irradiation by the ref- 
erence light source Gjir(A) was supplied in tabular form by 
Ocean Optics as given in Table 1. The count rate due to 
irradiation by the reference source was 

Sxj = bxGxsy (9) 

where Gjj \s the spectrometer system irradiation by the 
reference light source. Then the spectrometer system 
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Fig. 5. TTie intensity of the Lyman a emission as a function of 
time from the gas cell at a cell temperature of 700 C comprising a 
tungsten filament, a titanium dissociator, and 300 mtorx hydrogen 
with a flow rate of 5^ seem. 



iiradiation by the source under study was given by 



(10) 



(11) 



The ratio 

Sjtj ~ L cts/s 
was the spectral calibration factor for the system. This cali- 
bration approach holds regardless of whether the count rate 
is proportional to radiant energy/time or photons/time. In 
the latter case the proportionality factor bx accounts for the 
spectral bias of the photons as well as the spectral bias of 
the spectrometer system (i.e. bx includes the factor (Av)"' ). 
The reference source count rate Sxi and the calibration data 
Gxi are plotted in Fig. 4. The spectral bias of the sy^ 
tern which favored mid-range wavelengths (550-750 \ 
is clear. Manual calibration of the raw coxmt rate < 
carried out using calibration Eq. (10) for the h| 
strontium mixture and background radiation I 
maining cases, the calibration was done in^ 
Ocean Optics spectrometer software OOti|g(BBg)efflBl vis- 
ible radiant flux incident on the spg#5iSsr SlSiem was 
given by 

/•Jl=700 I 

G = / GxW^K 

where GxW is the 
each a rate, thiis, 
time. 




(12) 

Gxy Sxj and G were 
ident of the integration 
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Fig. 6. The UV/VIS spectrum (40-560 nm) of the cell emission 
from the gas cell at a cell temperature of 700 C comprising a tung- 
sten filan>ent, a titanium dissociator, and 300 naterr hydrogen with 
a flow rate of 5 J seem that was recorded vj^ra^hotomultiplicr 
tube (PMT) and a sodium salicylate scintiln 
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The'^^ without any test material present was run to es- 
tablish the baseline of the spectrometer. The intensity of the 
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Time (min) 

Fig. 1. The intensity of the Lyman a emission as a frinctioD of 
lime from the gas cell at a cell temperature of 700** C comprising a 
tungsten filament, a titanium dissociator, sodium nnetal vaporized 
from the catalyst reservoir, and 300 mtorx hydrogen with a flow 
rate of 5.5 seem. 

Lyman a emission as a function of time from the gas cell 
at a cell temperature of 700*^0 comprising a tungsten fila- 
ment, a titanium dissociator, and 300 mtorr hydlrogen with 
a flow rate of 5.5 seem is shown in Fig. 5. The UV/VIS 
spectrum (40-560 ran) of the emission fit)m the gas cell 
at a cell temperature of 700*C comprising a tungsten fila- 
ment, a titanium dissociator, and 300 mtorr hydrogen with a 
flow rate of 5.5 seem is shown in Fig. 6. The spectrum was 
recorded with a photomultiplier tube (PMT) and a sodium 
salicylate scintillator. No emission was observed except for 
the blackbody filament radiation at the longer wavelengths. 
No emission was also observed when argon, neon, or helixmi 
replaced hydrogen. 

The intensity of the Lyman a emission as a function of 
time from the gas cell at a cell temperature of 700 C con>- 
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Fig. 8. The intensity of the Lyman a emission as a fiinction of time from the gas cell at a ce] 
filament, a titanium dissociator, barium metal vaporized from the catalyst reservoir, s"*^ 



prising a tungsten filament, a titanium dissociator, sodium 
or barium metal in the catalyst reservoir, and 300 mtoir 
hydrogen with a flow rate of 5.5 seem are shown in Figs. 7 
and 8, respectively. Sodium or barium metal was volatized 
from the catalyst reservoir by heating it with an external 
heater. No emission was observed in either case. The m: 
imimi filament power was over 500 W. A metal coawig' 
formed in the cap of the cell over the course of thi 
mcnt in both cases. 

The intensity of the Lyman a emissii 
tion of time from the gas cell at a cell^s^at^ of 
700**C comprising a tungsten filami 
sociator, a magnesium foil in th< 
metal in the catalyst 
with a flow rate of 5.5 so 
10. respectively. The 



C compnsiDg a tungsten 
;en with a flow rate of 5.5 seem. 



suspending a 2 cm x 
the filament and the 
foil with the 
the magnesium 
ment pow( 
increaj 
ature 





dis- 
intium 
mtTJrr hydrogen 
in Figs. 9 and 
as volatilized by 
thick foil between 
ssodator and heating the 
ssion was observed with 
hydrogen. The maximum fila- 
The temperature of the foil 
power. At 500 W, the temper- 
1000**C which would correspond to 
of about 100 mtorr. Strontium metal was 
the catalyst reservoir by heating it with an 
Strong emission was observed from stron- 
tiimi and hydrogen. The EUV spectrum (40-160 nm) of 




20 30 

Time (min) 

Fig. 9. The intensity of the Lyman a emission as a function of 
time from the gas cell at a cell tenq>erature of 700** C comprising 
a tungsten filament, a titanhun dissociator, a magnesium foil, and 
300 mtorr hydrogen with a flow rale of 5 J seem. 



the cell emission recorded at abotit the point of the maxi- 
mum Lyman ot emission is shown in Fig. 11. No emission 
was observed when hydrogen was stopped. A metal coat- 
ing formed in the cap of the cell over the course of the 
experiment in the case of magnesium and strontium. 
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Fig. 10. The intensity of the Lyman o emission as a function of 
time from the gas cell at a cell temperature of 700** C comprising a 
tungsten filament, a titanium dissociator, strontium metal vaporized 
from the catalyst reservoir, and 300 mtorr hydrogen vkfith a flow 
rate of 5.5 sccro. 
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Fig. 11. The EUV spectrum (40-160 nm) of the cell emissi 
recorded at about the point of ibe maximum Lyman a emi^ 
from the gas cell at a cell temperature of 700 C con^^9^ a 
tungsten filament, a titanium dissociator, strontium metal ffiporizi 
from the catalyst reservoir, and 300 mtorr hydr^o^^wma flr 
rate of 5JS seem. 



5.2. Optically measured power bald 



Count rate and spectrom 
background spectrum of h: 
the wavelength range 3 
power applied to thcell 
charge is shown 
eel! evacuatiqp l^owin] 
gen at a cell 
iiradiati* 
the vi^^e 
oi ^ e^ 
A^SDO 





diation of the 
ontium vapor over 
nm in the absence of 
d in the absence of a dis- 
data were collected during 
le test with strontium and hydro- 
of 664**C. The maximum visible 
iW/cm^ nm occurred at the red end of 
LCtrtBh. The total visible radiant flux incident 
eter system over the visible range 400 ^ 
was given by Eq. (12). The integral was ap- 



proxiriWied by rectangles with panel width AA = 0.342 nm. 
The results are summarized in Table 2 where T is the tem- 
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Fig. 12- Count rate and spectrometer system irradiation of the 
background spectrum of hydrogen and strontium vapor over the 
wavelength range 350 ^ < 750 nm in th^bscnce of power 
applied to the electrode and in the absence ^^difipharge. 



perature, Pbyj is the hydrogenpa 
equilibrium metal vapor 
curves of the vapor pres 
[15]. 

Power was a 
plasma in hyd, 
sodium va 
In each case 
syste 



[Strode to achieve a bright 
. in hydrogen with strontium or 
itures in the range 335-664 C. 
spectral radiant flux at the spectrometer 
I. The power driving the hydrogen alone 
plus sodium vapor controls was adjusted such 
spectrometer system spectral radiation was 
itlMjfw/cm^ nm in each case. The integrated visible 
ion levels (0.40 to 2.08 ^iW/cm^) were of the same 
_ of magnitude despite the differences in frequencies of 
the spectral lines recorded by the spectrometer system in die 
strontium case versus the controls. 

The power required to maintain a plasma of equivalent 
optical brightness with strontiunri atoms present was 4000 
times less than that required for the controls. For example, 
a driving power of 33.7 W was necessary to achieve a total 
visible radiant flux of about 1 pW/cm^ from a sodium hy- 
drogen mixture; whereas, 8.5 mW formed a plasma with the 
same optical brightness in the case of a strontiura hydrogen 
mixture. A plasma formed at a cell voltage of about 250 V 
in the cell with hydrogen alone and in the cell with hydro- 
gen and sodium; whereas, a plasma formed in the strontium 
cell at the extremely low voltage of about 2 V. The results 
are summarized in Table 2. 

The count rate and the spectrometer system irradiation 
for a mixture of strontium vapw and hydrogen at 664 C is 
shown in Fig. 13. Optimal light emission was observed af- 
ter several hours of cell evacuation. The hydrogen partial 
pressure was unknown under these conditions. The calcu- 
lated equilibrium vapor pressure of strontiimi at 664 C is 
approximately 270 mtorr. The measured breakdown volt- 




t 



HE 1143 



10 



K.L Mills et al I International Journal of Hydrogen Energy 000 (2000) 000-000 



Table 2 

Discbarge conditions and comparison of the driving power to achieve a total visible radiant flux of about 1 ^W/cm^ 





T 

CC) 


^byd 
(TOIT) 




Voltage 
(V) 


Current 
(mA) 


Integration 

Time*' 

(ms) 


G 

(nW/cm2) 


Power 
(W) 


H2-I-Sr 


664 




0.270 


2.20 


3.86 


768 


1.17 


0.0085 


H2 


664 


1.0 




224 


110 


1130 


2.08 


24.6 


H2+Na 


335 


1.0 


0,051 


272 


124 


122 


1.85 


33.7 


H2+Na 


516 


1.5 


53 


220 


68 


768 


0.40 


15.0 


H2+Na 


664 


1.5 


63 


240 


41 


768 


0.41 


9.84 


Bkgnd. 


664 




0.270 


0 


0 


768 


0,20 


0 



'Calculated [15]. 

is independent of the integration time since it is a rate. 
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Fig. 13. The count rate and the spectrometer system irradiation i 
a mixture of strontium vapor and hydrogen at 664 ''C. 



Table 3 

Spectral features of hydrogen and strontium at 664** C 



Measured 
wavelength 
(nm) 



Spectrometer 
system 
irradiation 
(>iW/cm2 nm) 



460.6 
487.2 
639.8 
654.7 
689.4 



0.156 

0.00290 

0-00813 

0-0139 

0.0386 



Sr), 486.13 (Hj) 
l(Sr) 

654.68 (Sr), 656.29 (Hj) 
689.26 (Sr) 



, The maintenance voltage for a 
! 2.2 V and input power was 8.5 mW. 
tics are noted in Table 3. The hydrogen 
' peaks were obscured by strong strontium 
emfS ^Ign n^r 654.7 and 487.2 nm, respectively. 

The^pSctrometer system iiradiation for a hydrogen dis- 
charge at a cell temperature of 664° C and 1 torr is shoAvn in 



age was appi 
stable d: 
Speci 
Bdbier 




E 

B 

CD 

^ 0.06 



E. 
c 

B 0.04 



V 0.02 
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Wavelength (nm) 

r 14. The spectrometer system irradiation for a hydrogen dis- 
charge at a cell temperature of 664° C and a hydrogen pressure of 
1 toil. 

Fig. 14. The breakdown voltage was approximately 220 V. 
The field voltage required to form a stable discharge was 224 
V. The input power was 24.6 W. Spectral features are tabu- 
lated in Table 4. The peak at 589. 1 nm may be due to sodium 
contamination from a previous experimental run. The minor 
peaks at 518.2 and 558.7 nm have not been identified. 

The spectrometer system irradiation for mixtures of 
sodium vapor and hydrogen are shown in 
Figs. 15-17 for temperatures of 335, 516, and 664^*0, re- 
spectively. Corresponding hydrogen pressures are 1, 1.5, 
and 1.5 torr, respectively. The calculated sodium vapor 
pressure was 51 mtorr, 5.3 toir, and 63 torr at 335, 516, 
and 664 "C, respectively. At least 200 V was required to 
maintain a discharge. The input power for a stable dis- 
charge ranged from approximately 10 W at 664° C to 34 
W at 335°C. Spectral features corresponding to 335* C are 
summarized in Table 5. Strong emission observed near 
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Table 4 

Spectral features of hydrogen at 664'' C 



Measured 


Spectrometer 


Published emission 


wavelength 


system 


data [16] 


(nm) 


irradiation 


(nm) 


(nW/cm^ nm) 




485.8 


0-0165 


486.13 (H2) 


518^ 


0.00894 




558.7 


0.00694 




589.1 


0-0174 


589.00 (Na), 589.59 (Na) 


656-7 


0.0752 


656.29 (H2) 




350 400 450 500 550 600 650 700 750 

Waveler>gth (nm) 

Fig- 15- The spectrometer system irradiation for a mixture of 
sodium vapor and hydrogen at 335 C. 
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Fig!^^^^^ spectrometer system irradiation for a mixture of 
sodium vapor and hydrogen at 516 C. 




0.00 
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Fig. 17. The spectrometer system irradia 
sodium vapor and hydrogen at 664 C 



Table 5 
Spectral features of 1 



Measured 

wavelength 

(nm) 




im at 335*^0 



a mixture of 



Published emission 

data [16] 

(nm) 



466-86 (Na) 
486.13 (H2) 

498.28 (Na) 
51534 (Na) 
568.82 (Na) 

589.00 (Na), 589.59 (Na) 
616-07 (Na) 

656.29 (H2), 655.24 (Na) 
65629 (Hz) 



656-657 nm was probably due, in-pait, to hydrogen. The 
relative contribution to the intensity was masked by strong 
sodium emission at a slightly shorter wavelength. The 
peak at 486.2 nm could only be due to hydrogen emission. 
Sodium does not have emission lines in the neighborhood 
of this wavelength. The intensity of this peak diminishes 
relative to the more prominent sodiimi peaks with increas- 
ing temperature as shown in Figs. 15-17. This may have 
been due to a decreasing hydrogen concentration as the 
sodium vapor pressure increased. 

The miniraxim starting voltage Vsum determmed with a 
variation of the discharge gas pressure and the corresponding 
pressure of the discharge gas defined as P„m are given in 
Table 6. The minimiim voltage required to form a plasma 
in hydrogen at 662^*0 was about 200 V. Gas parameters 
from von Engel [17] and Naidu and Kamaraju [18] shown 
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Table 6 

The minimum starting voltage Kg mm determioed with a variation 
of the discharge gas pressure and the corresponding pressure of 
the discharge gas defined as 









662^*0 




Gas 




^mra 


^smin 






(V) 


(tOTT) 


(V) 


(torr) 


He 


162 


2.20 


145 


737 


N2 


212 


0.417 


180 


1.35 


H2 


185 


0.70 


195 


2.44 



in Table 7 indicate a mininium voltage of 273 V is required 
at 25 C. Further results of the behavior of glow discharges 
in control gases as a function of pressure and temperature 
are given in the appendix. 



4. Discussion 

In the cases where Lyman a emission was observed, no 
possible chemical reactions of the tungsten filament, the 
dissociator, the vaporized test material, and 300 mtorr 
hydrogen at a cell temperature of 700 C could be found 
which accounted for the hydrogen a line emission. In 
fact, no known chemical reaction releases enough en- 
ergy to excite Lyman a emission fi^om hydrogen. The 
emission was not observed with hydrogen alone or with 
helium, neon, or argon gas. Intense emission was ob- 
served for strontiimi with hydrogen gas, but no emission 
was observed with hydrogen or strontium alone. This re- 
sult indicates that the emission was due to a reaction of 
hydlrogen. The emission of the Lyman lines is assign 
to the catalysis of hydrogen which excites atomic 
molecular hydrogen. Other studies support the pos^j^ty 
of a novel catalytic reaction of atomic hydrogen. It 
reported that intense extreme ultraviolet 
was observed at low temperatures (e.g. 
atomic hydrogen and certain atomized el 
gaseous ions [1-5]. The only pure eli 
served to emit EUV were each a c; 
the ionization of t electrons froj 
energy level is such that the 
of the t electrons is approximati 
m each are an integer^uS 
multiples of the poten^^en 




caused emission, 
magnesium aijd 
sion. The ca 
(5)-(7) 
Sr^-^ 






in 
ob- 
wherein 
to^a continuum 
lization energies 
2 eV where t and 
oms ionize at integer 
of atomic hydrogen and 




chemically similar atoms, 
well as sodium, caused no emis- 
s for strontium are given by Eqs. 
te enthalpy of ionization of Sr to 
has a net enthalpy of reaction of 



I is equivalent to m = 7 in Eq. (3). 
■ balance of a gas cell having atomized hydro- 
gen ail^sfrontitOTi was measured by integrating the total 
light output corrected for spectrometer system response and 



energy over the visible range. A control cell was identical 
except that sodium replaced strontium. In this case, 4000 
times the power of the strontium cell was required in order 
to achieve that same optically measured light output power. 
A plasma formed at a cell voltage of about 250 V in the 
cell with hydrogen alone and in the cell with hydrogen and 
sodium; whereas, a plasma formed in the strontium cell at 
the extremely low voltage of about 2 V. The starting and 
maintenance discharge voltages were two orders of magni- 
tude of that predicted by current theory or observed experi- 
mentally as shown in the appendix. 

In the case of a potassimn catalyst, a plasma was 
observed when the electric field was set to zero [4,5], 
During the strontium catalysis reaction is given by Eqs. 
(5)- (7), the electrons are ionized to a continuum energy 
level. The presence of a low-strength electric field alters the 
continuum energy levels. The electric field in this experi- 
ment was about 2 V over the annular gap^ about 2 cm. A 
weak field may adjust the energy of th^Kn^ng strontium 
catalyst to match the energy releas^^y^Bgogen to cause 
it to undergo catalysis to the lojffi^^^^y^ate. In other 
words, the electric field may cat^^n em-gy resonance of 
the net enthalpies of reacti^S^^iS^pfi and hydrogen to 
permit the catalysis reacti^ 





5. Conclusioi 

Intense Et3^|^ission was observed at low temperatures 
(e.g.^^JL^ K)^m atomic hydrogen and strontium which 
ioni^saf^eger multiples of the potential energy of atomic 
ie release of energy firom hydrogen by the catal- 
^^^Rn with strontium atoms was evidenced by the 
lission and by the formation of an optically bright 
a with 4000 times less input power and 2% of the 
voltage of that required to form an equivalent plasma with 
sodium and hydrogen. The energy release must resuh in a 
lower-energy state of hydrogen. TTie lower-energy hydro- 
gen atom called a hydrino atom by Mills [11] would be 
expected to demonstrate novel chemistry. The formation of 
novel compounds based on hydrino atoms would be substan- 
tial evidence supporting catalysis of hydrogen as the mech- 
anism of the observed EUV emission. A novel hydride ion 
called a hydrino hydride ion having extraordinary chemical 
properties given by Mills [1 1] is predicted to form by the 
reaction of an electron with a hydrino atom. Compounds 
containing hydrino hydride ions have been isolated as prod- 
ucts of the reaction of atomic hydrogen with atoms and ions 
identified as catalysts in the present EUV study [1-5,11, 
19-24]. 

Billions of dollars have been spent to harness the energy of 
hydrogen through fusion using plasmas created and heated 
to extreme temperatures by RF coupling (e.g. > 10* K) 
with confinement provided by a toroidal magnetic field. The 
present study mdicates that energy may be released from 
hydrogen at relatively low temperatures with an apparatus 
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Table 7 

Gas paramctere from vera Eagel [17] and Naidu and Kamaraju [IS] 



Gas 



(cm-* toiT"') 



B 


XfP 




(W)mb 




(V/cm ton) 


(V/cm torr) 


(V) 


(cm ton) 




342 


100-600 


251 


0.67 


3.24 


139 


20-1000 


273 


1.15 


3.90 


365 


i 00-800 


327 


0.567 


4.94 


466 


500-1000 


420 


0.51 


6.63 


180 


100-600 


137 


0.9 


3.36 


34 


20-150 


156 


4.0 


5.06 


370 


200-600 


520 


2 


10.3 






335 


0.04 





H2 

Air 

CO2 

At 

He 

Hg 

Na 



12 
5.4 
15 
20 
12 
3 

20 



which is of trivial technological complexity compared to 
a tokomak. And, rather than producing radioactive waste, 
the reaction has the potential to produce compounds hav- 
ing extraordinary properties. The implications are that a vast 
new energy source and a new field of hydrogen chemistry 
have been discovered. Work in progress includes synthe- 
sis and identification of novel compounds, spectroscopy of 
the plasma producing process, and energy balance measure- 
ments. 
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Appendix A. Electrical breakdown and discharge 
A J. Summary of results 




ynn a 
and 

pressure at 
►ns follows: 



For He, N2, and H2 gases, the starti 
glow discharge, the voltage to main 
the light emitted were studied 
25 and 662*'C. A sunmiary of 

1. The starting voltage cxM^t^f mfllnninn with respect 
to the variation in c^siMas^edicted by Townsend 
theory; The mi nimu« tartiJ Vsmn, occurred at 
a pressure defi^lRs^irt&wn in Table 6. 

2. For helium, llfininiiAm starting voltage was lower, and 
Pmm was ffebl^ j^ at observed for N2 and H2. 

nitrogen, Kso^b decreases by less than 
temperature was increased from 25 to 
rain is ahnost independent of tempera- 





rd higher pres- 
jven gas, P„an 
density for 



a fair pre- 
fd H2 and a good 




4. Fo] 



and H2 gases at 25*^0, the measured 



values of the pressure-electrode gap spacing product 1 = loe" 



correspondmg to K,n«D, (Pd)nm,. are in good agreement 
with published values. 

5. For He, N2, and H2 gases, Pmm shifts tov 
sure with increasing temperature. Foj 
occurs at approximately the same ga 
25 and 662 **C, in agreement wj 

6. At room temperature, Townsfl 
dictor of the starting volJ^JI 
predictor of Fmm for ' 

7. For He, N2, and Hjfia^agldS discharge was observed 
for a range of ^^^fe^^BSrPmin. Light emission was 
greatest for pr^^^^ near P„rin. For pressures sub- 
stantial ly^^^Ji^^ or substantially less than Pmm, a 
discharg^^JI)rmCT (conducting gas) with little or no 
light emis^^. 

[2 ar^onsumed when a discharge was present 
This may result from nitride and hydride for- 
ig the discharge. 

%€oretical background 

Consider a gas layer of thickness d bounded by plane 
electrodes. The gas pressure is P and the electrode potential 
„ V. Electrons are periodically released from the cathode, 
perhaps due to ultraviolet irradiation, by cosmic radiation, 
etc. These primary electrons constitute a small current 1*0. 
The primary electrons experience nimierous collisions as 
they accelerate toward the anode in the electric field. Two 
important types of collision, corresponding to ionization and 
excitation, are 

c" c" +c", (A.1) 

e" +Ar-^e-+//*, (A.2) 
where N, TS^* and N'*' represent an electron, a neutral 
particle, an excited neutral particle, and a positive ion, re- 
spectively. Let a be the number of positive ion/electron 
pairs produced by a primary electron per unit length in the 
field direction, a is Townsend*s first ionization coeflicient. 
Ignoring recombination and the formation of negative ions, 
electron multiplication results in the current 

(A.3) 
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at the anode [17]. The current at the anode is balanced by 
positive ions reaching the cathode where they combine with 
electrons and return to the gas as neutraJ particles. 

Electrons are also released from the cathode due to bom- 
bardment by positive ions and excited neutral particles, and 
due to irradiation by excited particles in the gap [25]. These 
secondary electrons are accelerated in the field and result 
in electron multiplication just as the primary electrons. 
Eq. (A.3) for / ignores these secondary electrons. For sim- 
plicity, assume that the secondary electrons are produced at 
the cathode by positive ion impact alone. Denote by y the 
nimiber of secondary electrons produced by a positive ion 
arriving at the cathode. Common gases and cathode ma- 
terials result in 0.001 <y< 0.1, approximately, y is 
Townsend's second ionization coefficient. The current at 
the anode including multiplication by secondary electrons 
is [17] 



In this equation for current growth, the ionization coeffi- 
cients for a particular gas and cathode material at a fixed 
temperature are fimctions of the field strength 



(A.5) 



(A.6) 



and the gas pressure. More precisely 

The physical basis for these relationships follows from the 
relationship between the mean free path of an electron i 
the gas, Acy and the gas pressure 
1 collisions 
;U ~ distance traveled 



collisions 



oc 



distance traveled in field direction 
The second proportionahty follows froi 
random velocity to drift velocity, v/\ 
interpretations for a/P and X/P 
of a and X: 




ctron 
f25]. The 
i definitions 



(A.9) 



(A.10) 

levelops a semi-empirical approx- 
(All) 

}B are constants. The approximation is valid for 
Knge of the reduced field strength X/P, shown in 



The current growth (Eq. ( A.4)) indicates that current mul- 
tiplication in the gas is infinite when 

y(e'^_l) = l. (A.12) 

This is the onset of breakdown. When this condition is 
reached the discharge becomes self-sustaining, requiring no 
flow of primary electrons from the cathode. Breakdown may 
occur for a fixed electrode spacing by increasing V. Intro- 
ducing the fiinctional expressions for the ionization coeffi- 
cients and Xs — VJd where Vs is the starting or breakdown 
voltage gives 



(A.13) 



Therefore, the breakdown voltage is a fimction of the product 
of the pressure and the electrode spacing, 

Vs = /(Pd). (A.14) 

The product Pd is directly proportion; 
particles in the electrode gap as sho^ 
down voltage is the same for a g: 
trodes with 1 mm spacing as it i; 
between electrodes with 1 



number of particles in th( 
for acceleration of an 
at breakdown is al: 
From the ideal 

by 

PN, 







number of 
The break- 
tween elec- 
le gas at 1 torr 
each case, the 
same, and the potential 
;en successive collisions 
both cases, 
gas number density is given 



(A.15) 



vogadro's munber, T is the absolute tempera- 
the ideal gas constant. The number of particles 
tetrodes of unit area is 

(A.16) 

Therefore, Pd is proportional to the number of particles 
between electrodes of unit area at a fixed temperature. Gen- 
eralizing the functional relation (Eq. (A.14)) to account for 
temperature variations results in 

Vs==f{nd), (A.17) 

An approximation fox the fimction / of Eq. (A.14) which 
ignores the temperature dependence is found by making the 
following substitutions mto Eq. (A.I3): (1) y given by Eq. 
(A.7) where a; = Vs/d in Eq. (A.7) and the dependence of 
y on X/P is ignored and (2) / 1 given by Eqs. (A.6) and 
(A.n) whereas = 

y[exp{^(Pd)e-*^*^'/^>} -11=1. (A.18) 
Rearrangement leads to 

^ ^ B 

P ~log[^(Pd)/log(l-M/y)] 

for the starting field strength or 

5(Pd) 



(A.19) 



Table 7. 



Iog[/l(Pd)//?]' 



(A.20) 
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where 



/? = log(l + l/y). 



(A.21) 



This is Paschen's law for the breakdown voltage in a gas 
that holds approximately for Pd < 1000 cm • toir. Because 
logjr varies more slowly than x for large x and more rapidly 
than jc for small x, a minimum value of is expected where 



dF, 



= 0. 



(A.22) 



(A.23) 



(A.24) 



d(Pd) 

This minimum occurs for 
eB 

Pd = (PdX„h, = J 
and has the vahie 
V 

The minimum in starting voltage occurs because Pd is pro- 
portional to the number of particles between the electrodes. 
For small Pd, few ionizations take place, and the electron 
multiplication is low due to the small number of particles in 
the gap. A large Pd results in closely spaced neutral particles 
so that few electrons acquire sufficient energy for ionization 
between collisions. Measured values of the miniminn break- 
down voltage and (Pd)^!!! are given in Table 7 along with 
the estimate for ^ 



Be 



(A.25) 



Paschen's law also predicts that breakdown is impossible 
few values of Pd less than the limiting value (Pd)oo: 



= 1. oo. 



(A.26) 



(pa)„ = ^ = (P^. 

That is, (Pd)oo is slightly more than one-third 
(Pd)nm>. Raizer [25] notes that breakdown di 
for Pd < (Pd)oo, resulting from field emii 
from the cathode. 

A.3, Measurements 

The starting voltage 
was recorded when ol 
N2, and Hj. Meas urgin 
sures at room 
apparatus and 
vide the 
of the g; 
tus ai 





and the light output 
for discharges in He, 
ade for varying gas pres- 
itures. The experimental 
tc apparatus and methods to pro- 
measure the voltage and current 
described in the power cell appara- 
tion. 

iameter of the stainless-steel cell which 
luter electrode was Do = 9.21 cm. The overall 
the axial electrode was A = 5.72 cm. For an 
electrode potential the magnitude of the field strength at 




100 



so 



dartt 



starting vonage (VAC) 

Mantenance voftage (VAC) 

Starting voltage (VDC), Pascheneq. 
' i »- 



10 

Pressure (Torr) 



60 



Fig. 18. The 
(Eqs. (A.18H 
nance voltag* 
of the heliun? 





leoretical (Paschcn equatioD 
^Itages and the observed mainte- 
on for helium at 25** C as a function 



tee r from the cell axis, ignoring end effects. 



. (A.28) 

r log (Do/A ) 

ratio of the field strengths at the cell wall and the axial 



(A.29) 



electrode was 

^ = ^=0.621. 
Xi Do 

Thiis, Paschen's law applied since the field strength did not 
vary significantly across the discharge gap. The mean field 
strength was 

A' = -^. (A.30) 

a 

where rf=(Z)o- A)/2= 1.75 cm was the electrode spacing. 

The observed and theoretical (Paschen equation (Eqs. 
(A.20)-(A.21)) starting voltages and the observed main- 
tenance voltages and light emission for helium at 25 C as 
a function of the heliinn pressure are shown in Fig. 18. 
The observed starting and maintenance voltages and light 
emission for helium at 662 **C as a function of the helium 
pressure are shown in Fig. 1 9. The starting voltage exhibited 
the expected minimum with respect to pressure variation. 
At higher temperann-e, the starting voltages near the mmi- 
mum were distributed over a broader range of pressure. By 
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Fig. ] 9. The observed starting and maintenance voltages and light 
emission for helium at 662° C as a function of the helium pressure. 



increasing temperature to 662° C, the minimum starting 
voltage, Vimm> was diminished only about 10%. Fmb, the 
pressure corresponding to the minimum starting voltage, 
was shifted toward higher pressure with increasing tem- 
perature. However, Fmm occurred at nearly the same gas^ 
number density at 25^0 as at 662° C which is in agreemj 
with theory 




= 1.07. 

"25<'C 

At 25**C,(Pd)i„iD = 3.85 cm torr which wa^^po^gree- 
ment with the published value, (Pd)m^^^pi^^^shown 
in Table 7. The difference between ^S. ^p ^gamd main- 
tenance voltage increased for n^^mKreater than Pmb- 
From Fig. 1 8, the Paschen eqi^^n^m^a^>od predictor of 
/*niiD, but it under-predicte^^^^fogvoltage by a margin 
of 10-40%. The discr^K^^%aslced in Fig. 18 since 
the peak voltage was ^^or J' y/Z greater than the rms 
value shown. Siil^l^enTOI^reakdown, a glow discharge 
was observed fd^ ^^^^v of pressures about Fnm- Light 
emission froTH^e^^MTge was greatest for pressures very 
near /'mid^^^l^^^^s significantly lower than Pmin, a dis- 
charg A^a^MTOeq [conducting gas) with little or no light 
hilar effect was observed for pressures sub- 
ater than Pmm. 
served and theoretical (Paschen equation 
(Eqs. ( A.20) -( A.21 )) starting voltages for nitrogen at 25°C 
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starting vottage (VAC): 25 deg. C 

Starting vottage O^AC): 662 deg. C 

Starling vottage (VDC): 25 deg. C, Paschen eq. 



0.1 



Fig. 20. The 
(Eqs. (A.18)- 
function of tt^^ii 
for nitrogen ai 



1 

Pressure (Torr) 



10 



20 





theoretical (Paschen equation 
irtin^voltages for nitrogen at 25° C as a 
n pT^^re and the observed starting voltages 
as a function of Ihe nitrogen pressure. 



of the nitrogen pressure and the observed 
■ages for nitrogen at 662 C as a function of 
pressure are shown in Fig. 20. The qualitative 
of the breakdown process and the discharge were 
to those of helium. The variation of and i\nhi with 
temperature and the variation of light emission with pres- 
sure were similar. The minimiun starting voltage was 35 
-50 V higher than that of helium, and Fmb was smaller. At 
25**C, (PdXnin = 0.73 cm tonr while from Table 7 (Pd)mb, = 
0.67 cm torr. The Paschen equation was again a good 
predictOT of Pmm- For nitrogen, the starting voltage was also 
reasonably well predicted except near Pmb. The Paschen 
equation under-predicted the starting voltage by 15-20% 
when the nitrogen pressure was near Pjnm considering that 
the actual voltage peaks exceeded the rms voltage by the 
factor y/l. The gas number densities at /* = Pmin were in 
the ratio 

= 1.03. (A.32) 

"25**C 

At 662 C, the nitrogen pressure decreased steadily whenever 
a discharge was present in the cell. Perhaps the increased 
frequency of nitrogen ion collisions with the electrode sur- 
faces enabled the formation of nitride compounds. 

The observed and theoretical (Paschen equation (Eqs. 
(A.20)-(A.21 ) ) starting voltages for hydrogen at 25^*0 as a 
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Fig. 2). The observed and theoretical (Paschen equation (Eqs. 
(AJ8)-(A.19) ) starting voltages for hydrogen at 25°C as a func- 
tion of the hydrogen pressure and the observed starling voltages 
for hydrogen at 662* C as a function of the hydrogen pressure. 



function of the hydrogen pressure and the observed starting 
voltages for hydrogen at 662**C as a function of the hydrogen 
pressure are shown in Fig. 21. The minimum starting volt- 
ages were similar to those observed for nitrogen. Howevei^ 
the variation of Ks with pressure differed from the beha\ 
observed for He and N2. A local minimxmi was obseoifia m 
the Ks -F relation at a pressure slightly below P, 
havior may result from strong variation of the sj 
tion coefficient y for hydrogen near A/P 
[26]. Also, the broadening effect and the 
with increased temperature were not 
of hydrogen. In fact, the minimum 
served to increase sHghtly with 
N2, the Vs curve was shift 
increasing temperature 
sity. The number densi 

(A.33) 

-predicted Pmm, but it predicted 
reasonably well for pressures greater 
_ sured value {Pd)^ = 1^3 cm torr at 
in good agreement with 1.15 cm torr given 
;As with nitrogen, the hydrogen pressure de- 

idily when a discharge was present. This effect 

was observed in hydrogen both at elevated temperature and 



SDUD 

case 
ige was ob- 
As^with He and 
pressure with 
the number den- 



at room temperature. The pressure may have decreased due 
to hydride formation. 
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